Axonal microtubule (MT) arrays are the major cytoskeleton substrate for cargo transport. How MT organization, i.e., polymer length, number, and minus-end spacing, is regulated and how it impinges on axonal transport are unclear. We describe a method for analyzing neuronal MT organization using light microscopy. This method circumvents the need for electron microscopy reconstructions and is compatible with live imaging of cargo transport and MT dynamics. Examination of a C. elegans motor neuron revealed how age, MT-associated proteins, and signaling pathways control MT length, minus-end spacing, and coverage. In turn, MT organization determines axonal transport progression: cargoes pause at polymer termini, suggesting that switching MT tracks is rate limiting for efficient transport. Cargo run length is set by MT length, and higher MT coverage correlates with shorter pauses. These results uncover the principles and mechanisms of neuronal MT organization and its regulation of axonal cargo transport.
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In Brief Yogev et al. describe a method to analyze the organization of neuronal microtubules in live C. elegans. They determine the effects of microtubule-associated proteins on polymer length and abundance, and they reveal how these properties impact axonal transport.
INTRODUCTION
Microtubule (MT) polymers are the main cytoskeletal component that supports long-range motor-driven transport in neuronal processes. MTs play fundamental roles in neuronal polarity, axon differentiation, and growth (Conde and Cá ceres, 2009; Kapitein and Hoogenraad, 2015) . A dysfunctional MT scaffold is associated with neuronal disease and with impaired cargo transport (Chevalier-Larsen and Holzbaur, 2006; Niwa et al., 2013) .
In non-neuronal cells, MTs undergo constant growth and shrinkage due to the dynamic instability of MT polymer. In neurons they are significantly more stable, displaying non-dynamic behavior (Conde and Cá ceres, 2009; Desai and Mitchison, 1997; Kapitein and Hoogenraad, 2015) . Neuronal MTs are noncentrosomal (Stiess et al., 2010) and appear as free-floating polymers that tile the lengths of axons and dendrites. The small caliber of neuronal processes and the overlap between the tiled MTs make the visualization of single MTs particularly challenging. MT dynamics in axons and dendrites can be evaluated using end-binding proteins, which associate with the growing plus end (Stepanova et al., 2003) . While this method has provided a wealth of information, it does not allow us to assess shrinkage nor to measure the number of polymers, their length, or spacing because it does not label stable MTs. Due to these technical difficulties, MT organization (defined here as average polymer length, polymer numbers, and distance between adjacent minus ends-spacing), which represents the summation of MT dynamics over time, remains poorly understood.
Currently, the only available method to describe neuronal MT organization is serial-section electron microscopy (EM) reconstructions. Pioneering EM studies examined neuronal MT organization in several species (Bray and Bunge, 1981; Burton, 1987; Thomson, 1979, 1982; Nadelhaft, 1974; Yu and Baas, 1994) . However, the time-consuming and labor-intensive nature of this method precluded the extensive analysis of multiple specimens during different developmental time points or following pharmacological and molecular perturbations. Thus, the functional significance of different MT organization patterns in neurites remains unknown. Furthermore, although many MT-associated proteins (MAPs) are known to be required in neurons, for most of them there are little data that describe their effect on steady-state MT length or abundance.
A major role of the neuronal MT cytoskeleton is to support long-range motor-driven transport. MT properties, such as post-translational modifications, can affect the function of motor proteins (Janke and Bulinski, 2011; Sirajuddin et al., 2014) . The distances traveled by neuronal cargo and the MT length make it highly unlikely for cargo to be transported to its destination on a single MT. Hence, transport cargoes must switch MTs en route, raising the possibility that neuronal MT organization affects transport. Although it is well established that perturbing MTs disrupts axonal transport (Chevalier-Larsen and Holzbaur, 2006; Niwa et al., 2013; Solowska and Baas, 2015) , the interplay between the organization of the MT track and the cargo movement it supports could not be studied because of the incompatibility of EM with live imaging.
Here we describe a novel, light microscopy-based method for assessing neuronal MT organization in live animals. The method's throughput allows the analysis of multiple specimens at various developmental time points or following molecular (legend continued on next page) perturbation. It is also compatible with live imaging of cargo transport and MT dynamics. Application of this method in a C. elegans motor neuron shows changes to MT organization during normal development, and it reveals unexpected roles for conserved MAPs and signaling pathways in shaping the axonal cytoskeleton. Furthermore, MT organization impinged on the progression of axonal transport: cargo paused at polymer ends, suggesting that switching MT tracks might be rate limiting for efficient transport. Consistent with this notion, cargo run length matches average MT length during development. In mutants that affect MT length, run length is also affected. In addition, cargo pause time was inversely correlated with the abundance of MT polymers. We speculate that the staggered organization of neuronal MTs provides train stops for efficient cargo offloading along the axon.
RESULTS

MT Growth and Shrinkage in the Axon Are Coupled
To understand how MTs affect transport, we attempted to develop a method to determine MT organization that would be compatible with dynamic studies. In most non-neuronal cells, MTs fan out from an MT organizing center, and their dynamics can be followed by fluorescent labeling along their length. In axons and dendrites, MTs are densely packed, leaving less than 50 nm between adjacent MTs ( Figure 1A ). The diffraction limit of traditional light microscopy precludes the identification of individual MTs (Mikhaylova et al., 2015) . We reasoned that, even with a uniform MT label, single MT dynamics could be observed if the fluorescence intensity of one MT would be a significant fraction of the total signal. We optimized the expression of a GFP::TBA-1/alpha-tubulin transgene (see the Experimental Procedures) to achieve reliable incorporation into MT polymers in a C. elegans motor neuron, DA9 ( Figure 1A ). Indeed, time-lapse imaging and kymograph analysis of this strain showed that we could observe MT dynamics, including MT growth and shrinkage, with single-cell resolution in live animals ( Figure 1B ; Movie S1). GFP::TBB-2/ beta-tubulin showed similar patterns to GFP::TBA-1, as did TagRFP::TBA-1, which colocalized with EBP-2::GFP during growth bouts (Figures S1A and S1B). The low MT abundance in worm motor neurons (Chalfie and Thomson, 1979; White et al., 1986) and weak signal of diffuse GFP::TBA-1 (see below) likely contributed to the high signal-to-noise ratio in this analysis.
The kymographs showed that MT shrinkage was faster than growth (0.27 mm/s versus 0.1 mm/s), as seen in vitro (0.16 mm/s versus 0.03 mm/s at 14 mM tubulin [Mitchison and Kirschner, 1984] or 0.55 mm/s versus 0.01 mm/s at 9 mM tubulin [Zanic et al., 2013] ) or in other cell types (0.66 mm/s versus 0.13 mm/s [Lacroix et al., 2014] ). The total length of individual growth or shrinkage events was similar, as was their frequency ( Figure 1C) . Interestingly, almost all instances of growth were coupled with shrinkage, such that there was no overall increase in polymer length during a minute of imaging. These cycles of repeated growth and shrinkage were displayed only by a minority of MTs, while the majority remained static, suggesting that most axonal MTs are stable. These results are consistent with the low frequency of EBP::GFP comets in various C. elegans neurons, including neurons with a high MT content. (Chen et al., 2011 (Chen et al., , 2015 Ghosh-Roy et al., 2012; Kurup et al., 2015; Maniar et al., 2011; Richardson et al., 2014; Yan et al., 2013) . The population of dynamic MTs displayed catastrophe and rescue frequencies (0.12 and 0.29 s À1 , respectively; Figure S4E ) that are consistent with measurements in non-neuronal cells in C. elegans (0.18 and 0.32 s
À1
) (Lacroix et al., 2014) .
Development of an MT Organization Analysis Method Based on Dynamic Imaging
Our ability to discern the dynamics of individual MTs prompted us to utilize the information from the GFP::TBA-1 kymographs to reconstruct MT organization. As a first step, we measured the fluorescence intensity of a single MT, which can be obtained from kymographs showing MT growth or shrinkage (DF in Figure 1B) . We then used this intensity to bin the diffraction-limited GFP::TBA-1 intensity profile along the proximal 80 mm of the dorsal axon into discrete steps ( Figure 1F ). On the resulting quantized distribution, a step up indicates an MT start site and a step down is suggestive of an MT end. This distribution allows us to calculate the average MT length, coverage (the number of MTs at any given point along the axon), and spacing (the axial distance between adjacent minus ends) in a way similar to the calculation of average MT length that was done during EM reconstructions (see the Experimental Procedures and Chalfie and Thomson, 1979) . As a visualization tool, we created an MT model to represent the coverage and tiling of an MT array within a single axon, where we assigned steps down to the longest MT in a bundle ( Figure 1F '').
Since the transformation to a quantized distribution assumes that the intensity at each pixel is the single MT intensity multiplied (E) Correlation plot of single MT fluorescence intensity that was measured by two different methods from each neuron (n = 25) is shown. (F) Workflow: GFP::TBA-1 is imaged and the diffraction limited intensity profile is plotted. The profile is binned using the intensity of a single MT to yield the quantized distribution (F', overlay of quantized [red] and original [blue] signals) from which average MT length, coverage, and spacing are calculated. Note that spacing refers to the axial distance between adjacent minus ends not lateral distance between polymers. The length of individual MTs cannot be determined because it is not possible to pair plus and minus ends. For visualization purposes (F''), steps down on the quantized signal were assigned to the longest MT. This assumption does not alter the average length, coverage, or spacing. (G) EM micrograph of the DA9 axon shows five MT profiles and the reconstruction of MTs from 205 50-nm EM sections. (H) GFP::TBA-1 and RFP::PTRN-1 were imaged on a confocal spinning disc, then the same worm was fixed for EM, sectioned, and imaged. (I) Results of the fluorescence/EM correlative analysis: shown is the quantized distribution for each method. The pixel size of the fluorescence method (210 nm) was scaled with respect to the thickness of EM sections (50 nm). Holes in the EM quantized scan are sections where MTs could not be scored due to tissue damage caused by the confocal laser. The two methods yield similar average coverage (4.95 and 4.96 MTs) and their alignment is statistically significant (p < 0.00001 compared to the same scan with a random pixel order of a different section of the same axon). Inset shows two consecutive EM sections where MT coverage increases (arrow) and the corresponding increase in the GFP::TBA-1 signal.
by the number of MTs plus the diffuse GFP::TBA-1 signal, we used fluorescence recovery after photobleaching (FRAP) analysis to estimate the diffuse component (Figures S1C-S1E). We also detected small regions near the tip of the axon where MT coverage was low and occasionally discontinuous (Figure S1F) , so the GFP fluorescence there reflected diffuse tubulin. Both measurements indicated that the intensity of diffuse tubulin was $10% of the intensity of a single MT ( Figure S1 , legend), which was accounted for in the algorithm (Experimental Procedures).
MT Organization Analysis Based on MT Counting
To bolster confidence in our analysis, we developed a second method to obtain the fluorescence intensity of single MTs. We labeled MTs at their minus ends with RFP::PTRN-1/Patronin (Marcette et al., 2014; Richardson et al., 2014; Wang et al., 2015) , which appeared as discrete puncta ( Figure 1E ) that allowed us to count MTs. We computationally screened a wide range of values that, when used to quantize the diffractionlimited GFP intensity profile, would yield the number of observed RFP::PTRN-1 puncta (see Cooper et al., 2016 for a detailed description of the image-processing code). Average MT length and coverage again were obtained from the quantized distribution as described above.
Despite relying on different principles, results from the two methods were in good agreement with each other ( Figure 1E ) (r = 0.66, p < 0.001), suggesting that they uncover the same underlying biological reality. Furthermore, the average MT length obtained with our fluorescence-based analysis was similar to that of EM reconstructions of ventral cord neurons (6.4 and 6.9 mm in two EM series [Chalfie and Thomson, 1979] versus 7.1 mm in our analysis of a 1-day-old adult worm). These observations suggest that MT organization can be assessed in C. elegans motor neurons using fluorescence-based methods.
To assess the performance of the method in scenarios with a higher MT content, we turned to computer-generated models of neuronal MTs ( Figure S2 ). We assayed the ability of the PTRN-1 method to extract the correct single MT fluorescence as MT coverage increased. The analysis indicated that the method performs well at a range of <15 MTs/pixel, after which it fails to extract correct parameters. This provides a rough estimate as to for which neurons, besides the C. elegans motor neuron, the method can be used (Bray and Bunge, 1981; Burton, 1987; Chalfie and Thomson, 1982; Delandre et al., 2016; Yu and Baas, 1994) .
To further validate our method vis-à -vis ground truth data, we performed serial EM reconstruction for the DA9 axon in the dorsal cord of a late L4 larva. We reconstructed 10 mm and calculated an average MT length of 4.4 mm and an average coverage of 4.5 MT/pixel ( Figure 1G ), which is well within the distribution of our results.
Finally, we attempted to perform correlative fluorescence/EM analysis on the same specimen. After acquiring fluorescence images, we fixed individual worms and processed one for EM ( Figure 1H ). We reconstructed 7.5 mm from $150 50-nm sections, then scaled and aligned the quantized fluorescent data with the number of MT profiles per EM section. Both methods yielded distributions within the same range ( Figure 1I ), suggesting that fluorescence intensity can be used to predict MT numbers. Although some steps up/down were dissimilar between the two methods (possibly reflecting MT dynamics during a 30-min lag between image acquisition and EM fixation), the alignment was statistically significant (p < 0.00001 compared to the same fluorescent scan with a random pixel order or to a different segment of the same axon), and average values were extremely similar (4.95 MTs/section versus 4.96 MTs/pixel). This result indicates that the fluorescent data closely match EM, and it underscores the utility of the method in rapidly extracting average MT organization parameters from many samples. Taken together, the agreement between the two methods for obtaining the single MT fluorescence, the agreement with two published EM reconstructions, our EM reconstruction in the DA9 axon, and the correlative fluorescence/EM experiment strongly suggest that our method correctly captures MT organization.
Scaling of MT Length with Developmental Axon Elongation
Next we used the PTRN-1 method to investigate the principles that dictate axonal MT organization. During development, axon length scales with the increase in body length, such that between the L2 larval stage and 2-day-old adults it grows by about 3.5-fold. We studied MT organization in different developmental stages to learn how the cytoskeleton accommodates this growth. MTs from wild-type (WT) animals elongated during each developmental stage (Figure 2A) , consistent with EM studies (Chalfie and Thomson, 1982; Yu and Baas, 1994) . This was mirrored by an increase in the average MT coverage of the axon ( Figure 2C) . Surprisingly, despite the extensive axonal growth, the distance between adjacent minus ends (spacing) remained constant in all stages examined ( Figure 2B ), suggesting that this parameter is tightly regulated. These results suggest that as axons elongate, both growth of preexisting MTs as well as the addition of new MTs contribute to the tiling of the axonal length.
To ask whether MT size directly correlates with the length of the neuronal process, we examined long and dumpy mutants, in which the DA9 axon is much longer or shorter than WT, respectively. MT length in these mutants was largely unaffected, both during development and as adults, suggesting that the increase in MT length during development is not simply a reflection of the elongation of the axon (Figures 2D-2F) .
We also tested the possibility that MT elongation during development reflects the time that passes after the birth of the neuron. We grew worms at temperatures ranging from 12 C to 25 C, where the time to reach L4 stage varied from over a week to 2 days, respectively. Worms grown at different temperatures had roughly similar MT length ( Figures 2G-2I ), suggesting that time alone does not explain the increase in MT length during development. Together, these results suggest that MT length is set by stage-specific developmental programs.
Molecular Control of Axonal MT Organization
Many MAPs have been studied in the context of their influence on MT dynamics, yet, with rare exceptions (Chalfie and Thomson, 1982; Chuang et al., 2014; Kurup et al., 2015) , the role of even well-understood MAPs in neuronal MT organization has been largely inferred. To understand the molecular mechanisms through which these MAPs generate the correct pattern of axonal MTs, we surveyed a number of mutants and RNAi treatments. We placed genotypes on a 2D plot ( Figure 3B ), and we drew MT models for WT ( Figure 3A ) and four mutants ( Figures  3C-3F ), which are discussed below. Additional genotypes are shown in Figure S3 . To measure perturbations to the overall regular appearance of axonal MTs, we computed a fourth parameter, regularity, using the SD of the minus-end spacing parameter ( Figure S3 ). Most mutations and RNAi conditions examined did not alter any parameter of MT organization (Figure 3B ; Figure S3 ; data not shown). However, several mutations altered either the length or numbers of axonal MTs, suggesting roles in MT growth and stability or nucleation, respectively.
We first wished to learn how MT growth and stability affects the steady-state length of the polymer. We examined EBP-1, the EB1 homolog, a major regulator of MT dynamics that associates with growing plus ends and with multiple +TIP proteins (Gouveia and Akhmanova, 2010) . In vitro EB1 promotes both rescue and catastrophe (for example, Zanic et al., 2013) ; however, we found that, in the axon, ebp-1(tm1357) mutants had shorter MTs, suggesting a specific role in MT elongation ( Figures  3B and 3C ). The ebp-1 mutants had reduced MT growth time and elevated speed, and they showed higher catastrophe rates compared to WT. However, growth and shrinkage frequencies Despite a wide difference in the amount of time it takes to reach L4 stage (from over a week at 12 C to less than 2 days at 25 C, indicated on graphs), MT length was not statistically different between groups. Error bars are for SD (**p < 0.01).
were normal ( Figure S4 ). This suggests that ebp-1 mutants initiate MT growth normally, but they are defective at maintaining it. The double mutant ebp-1(tm1357); ebp-2 (gk756) did not enhance the ebp-1(tm1357) phenotype ( Figure S3 ). Tau is a protein that has been widely implicated in neuronal MT stability and is associated with neurodegeneration. C. elegans has a single Tau and MAP2 homolog, ptl-1, which also has been shown to bind MTs and regulate neuronal integrity (Chew et al., 2013; Goedert et al., 1996; Gordon et al., 2008) . Surprisingly, ptl-1 deletion mutants showed a significant increase in their MT length without altering overall MT minus-end spacing ( Figures 3B, 3E, and 3H ). This effect could be rescued by a ptl-1-containing fosmid ( Figure 3H ). We also examined the impact of overexpressing human TDP-43 harboring an amyotrophic lateral sclerosis (ALS)-linked mutation on neuronal MT organization. This resulted in severely reduced MT length and increased spacing ( Figure 3B ; Figure S3 ), suggesting possible roles of MT destruction in disease conditions.
A third protein that regulates MT growth and stability in C.elegans is the guanine exchange factor EFA-6. Although efa-6 mutants show increased MT dynamics in embryos and touch receptor neurons (Chen et al., 2011; O'Rourke et al., 2010) , we found that overall MT length in the DA9 was not affected. Surprisingly, efa-6 mutants displayed higher numbers of axonal MTs, suggesting a potential role in nucleation (Figure 3B) . Consistently, a role for EFA-6 at the MT minus end has been described recently (Chen et al., 2015) . Interestingly, efa-6 mutants did not differ from WT in their dynamic behavior, suggesting that the increase in polymer numbers affected mostly the stable MT population ( Figure S4) . A mutation in a ninein homolog, T04F8.6, decreased the number of axonal MTs (increased minus-end spacing, Figure 3B ), suggesting that the spacing parameter could be indicative for defects in MT nucleation. These results reveal the complex molecular regulation of neuronal MT organization. Furthermore, the surprising phenotypes of ptl-1 and efa-6 underscore the notion that knowledge about an effect of a protein on MT dynamics or stability cannot be used to predict its effect on steady-state MT organization.
We next focused on proteins that regulate axon-dendrite polarity. Kinesin-1/unc-116 is required for MT polarity in the DA9 dendrite (Yan et al., 2013) , and CDK5 is required for polarized distribution of synaptic vesicle precursors (SVPs) in DA9 and for correct MT polarity in the DB dendrite (Goodwin et al., 2012; Ou et al., 2010) . Although neither mutant showed an effect on axonal MT polarity, they profoundly altered MT organization. The unc-116 mutants showed an increase in MT length and minus-end spacing ( Figures 3B and 3F ), which could be rescued by specific expression of unc-116 in DA9, suggestive of a cellautonomous function. Interestingly, unc-116 mutant MTs grew shorter distances and at a lower speed than WT ( Figure S4 ). However, they remained at their fully extended state for significantly longer than WT, correlating with the increased MT length in steady-state measurements. Combined with the MT polarity defects in unc-116 dendrites, these results suggest that kinesin-1 is a major regulator of the neuronal cytoskeleton.
Previously, the cyclin-dependent kinases CDK-5 and PCT-1 were shown to redundantly regulate SVP transport (Ou et al., 2010) . Inactivating both the CDK-5 and PCT-1 pathways leads to dramatic changes of synaptic vesicle distribution from axon to dendrite. Similarly, cdk-5(ok626) and the PCT-1 activator cyy-1(wy302) did not present strong MT defects as single mutants ( Figure 3G for MT length). However, the double mutant showed severely reduced MT length and coverage and increased minus-end spacing ( Figures 3B, 3D, and 3G ). Expression of either cyy-1 or cdk-5 could rescue these phenotypes (Figure 3G) . These results suggest that the CDK pathways act as a central node in organizing neuronal MTs, likely through multiple MAPs (Contreras-Vallejos et al., 2014) .
We next probed the genetic interaction between the MAPs that organize axonal MTs. The excessive MT growth in ptl-1(ok621) was not enhanced by unc-116(e2310) , suggesting that the two proteins act in the same genetic pathway (Figure 3H) . The ptl-1(ok621) phenotype was suppressed by the cyy-1(wy302), cdk-5(ok626) double mutant, suggesting that the CDK pathways act downstream or in parallel with ptl-1 (Figure 3H) . ebp-1(tm1357) also suppressed the ptl-1 phenotype. Interestingly, although both EBP-1 and the CDK pathways are required for the MT elongation that is antagonized by PTL-1, they act separately, as the triple mutant cyy-1(wy302), cdk-5(ok626); ebp-1(tm1357) showed a further reduction in MT length ( Figures 3B and 3G) . The convergence of multiple signals to determine MT length points to a complex and tightly controlled regulation of axonal MT organization. Together, these results constitute the first step in determining the genetic factors that regulate axonal MT organization and in defining their hierarchies.
Axonal Traffic Pauses at MT Termini
MTs can affect motor movement, for example, via tubulin post-translational modifications (Janke and Bulinski, 2011) . How does MT organization affect the overlying motor-driven transport? We noticed that trafficking SVPs often paused at the same place ( Figure 4A ). This suggested that interruptions in transport, which are usually attributed to motor regulation or a tug-of-war between opposing motors (Hancock, 2014) , also could be due to a local impediment such as an MT end.
We first examined transport in the distal-most part of the axon, where MTs were relatively sparse, often leading to short discontinuities in the coverage of the axon ( Figure S1F ). SVPs, marked by Tdtomato::RAB-3, always stopped when reaching such discontinuities, whether moving retrogradely by dynein ( Figure S5 ) or anterogradely by UNC-104/KIF1A ( Figure 4B ). High concentrations of paused cargo accumulated at MT ends ( Figure 4B ). Direction changes also were observed but were infrequent. These results suggest that motors reaching an MT tip may associate with it and stop transport. Strong association between dynein and isolated MT tips has been observed in vitro (McKenney et al., 2014; Soundararajan and Bullock, 2014) . We also noticed that transient pauses in transport were often localized to precise points where MT coverage decreased ( Figure S5 ), suggestive of an MT end.
To directly ask whether axonal transport halts at MT tips on an MT array that does not harbor discontinuities, we imaged SVP movement in the proximal asynaptic domain while labeling minus ends with RFP::PTRN-1. We noticed that about half of the immobile cargo colocalized with RFP::PTRN-1, consistent with the idea that most retrograde movement pauses at an MT minus end ( Figure 4D ). For SVPs, the number of retrograde trafficking events is roughly the same as the anterograde events (Maeder et al., 2014) . When we photobleached pre-existing cargo accumulations to unambiguously follow individual transport events, we could determine that >80% of retrograde transport paused at PTRN-1-labeled MT minus ends ( Figures 4C  and 4D ). This effect was observed with either GFP::SNG-1 and RFP::PTRN-1 or RFP::RAB-3 and GFP::PTRN-1 (not shown). Furthermore, pauses on PTRN-1 puncta during retrograde runs were seen with additional cargos: GFP::APL-1 (the C. elegans amyloid precursor protein) and GFP::RAB-19 ( Figure S6 ). These results suggest that retrograde transport of various axonal cargoes pauses at MT minus ends. As observed on the sparse MT array of the distal axon, anterogradely moving cargo also may pause at MT termini ( Figure 4B ; Figure S5 ). Collectively, these results indicate that motors halt at MT termini and suggest that switching MT tracks could be rate limiting for efficient axonal transport. Of note, our results do not exclude other mechanisms for pausing, such as motor-cargo regulation or tug-of-war.
Cargo Run Length during Axonal Transport Is Limited by MT Length
A prediction of a model where axonal transport is mostly efficient along an MT but stalls at its tip, is that cargo run length would co-vary with MT length. To test this prediction, we examined the run length of SVPs, labeled by SNG-1::GFP or GFP::RAB-3, in WT axons, as well as in mutants that harbor short or long axonal MTs (Figure 3) . Run length was shorter in the short MT mutants cyy-1(wy302), cdk-5(ok626) and ebp-1(tm1357) compared to WT, and it was longer in the long MT mutant ptl-1(ok621) (Figures 5A-5E ; see Movie S2 for an example of WT). These results are consistent with the finding that cargo transport pauses at MT termini.
Since a direct effect of these mutants on trafficking cannot be excluded (Dixit et al., 2008; Ou et al., 2010) , we examined SVP transport during WT development, where MT length increases almost 2-fold between L3 larvae and day 2 adults (Figure 2A) . We found that GFP::SNG-1 run length increased during development, mirroring the increase in MT length ( Figures 6A and 6B ). This result supports the notion that MT length sets an upper limit for motor run length. 
High MT Coverage Correlates with Shorter Pauses during Axonal Transport
The kymograph analyses also showed that transport events pause for a certain amount of time after pausing at an MT tip. How is the duration of a pause at an MT tip determined? We noticed that cargo pause time was highly variable, suggesting the involvement of multiple factors in its regulation (not shown). Various regulators that are required for efficient motor-MT engagement (for example, McKenney et al., 2014 and Moughamian and Holzbaur, 2012) might regulate this process. In addition, since the number of available MTs for transport resumption is relatively small, we asked whether the MT coverage at the vicinity of an MT tip could influence pause duration.
Specifically, we compared the amount of time SVPs spent in the immobile state between L3 larvae and 2-day-old adults, as MT coverage increased significantly over that period (Figure 2C) . We found that in L3 larvae the pause duration was significantly longer than in adults ( Figure 6C ). In addition, pause time decreased in ptl-1(ok621) mutants that have a higher MT content than WT, and it increased in cyy-1(wy302), cdk-5(ok626) mutants that show reduced MT coverage ( Figures  5A-5D and 5F). We also compared pause duration in L4 larvae in the proximal axon, where MT coverage is normal, and in the distal axon where MT coverage is lower ( Figure 6D ; Figure S1 ). Pauses at the distal axon were significantly longer compared to the proximal area, which had a denser MT array (Figures 6E and 6F) . These observations are consistent with the notion that, among other factors, the number of MT polymers influences axonal transport via its effect on the amount of time cargo stays paused at an MT tip. It is likely that re-initiation of movement after pause requires switching MT tracks. Therefore, MT abundance near the MT tips facilitates the association between molecular motors and new MTs.
DISCUSSION
The MT cytoskeleton is critical for neuronal development, function, and regeneration (Conde and Cá ceres, 2009; Kapitein and Hoogenraad, 2015; Ruschel et al., 2015; van Beuningen et al., 2015; Yau et al., 2014) . Despite the identification of many neuronal MAPs and an understanding of their effect on MT dynamics in vitro, addressing the structural organization of neuronal MTs remains a major challenge (Kapitein and Hoogenraad, 2015) . We developed a rapid optical method to analyze MT organization in neuronal processes. Applying this method in a C. elegans motor neuron, we identified both positive and negative regulators of axonal MT growth and nucleation. The compatibility of the method with live imaging allowed us to describe axonal MT growth and shrinkage in vivo and how transported cargo pauses at MT ends. Our results suggest that MT organization determines the progression of axonal transport by setting an upper limit for cargo run length and influencing the duration of the immobile state. Neuronal MTs differ from MTs in other cell types by their unique polarization, stability, and non-centrosomal organization (Stiess et al., 2010) . The molecular control over MT polarity and stability is beginning to be revealed (del Castillo et al., 2015; Maniar et al., 2011; Nguyen et al., 2014; Song et al., 2013; van Beuningen et al., 2015; Yan et al., 2013) . MT organization can be thought of as the summing over time of nucleation, growth/shrinkage, and transport, but measuring dynamic MTs alone is not sufficiently informative for understanding how the cytoskeleton is patterned because a large portion of axonal MTs are static and cannot be visualized by the +TIP markers. EM or super-resolution techniques provide the ability to trace individual MTs, but they are slow, labor-intensive, error-prone, and difficult to combine with genetic analysis. With the ability to describe complete MT organization in DA9, we found that growth of the axon is accompanied by increases in both MT length and number. In other words, both MT elongation and nucleation of new MTs are responsible for the developmental regulation of MT coverage. These do not reflect a simple readout of axon length or elapsed time but seem to be highly regulated. We identified factors that regulate MT numbers or length, or both. Particularly surprising is the discovery of genes required to limit MT growth; unc-116 and ptl-1 may be controlling an early common step in setting MT length, as their phenotypes are not additive and can be suppressed by putative downstream factors. CDK5 phosphorylates a large number of MAPs (Contreras-Vallejos et al., 2014) , and, consistently, cyy-1, cdk-5 mutants are required both for MT elongation and nucleation downstream of ptl-1. However, the CDK pathways do not control MT growth through ebp-1, as the triple mutants show an enhanced phenotype. The throughput of this analysis and compatibility between this new method and genetic manipulation will enable detailed dissections of molecular pathways involved in neuronal MT patterning.
The compatibility of our method with live imaging allowed probing the correlation between steady-state MT organization and MT dynamics. In ebp-1 mutants, higher catastrophe rates correlate well with the shorter MT phenotype. Also, the long MTs in unc-116 may be related to the longer time the MTs spend in their fully extended state. These results underscore the notion that the observed steady-state network architecture phenotypes could be shaped by variations in different dynamic parameters. In efa-6 and ptl-1 mutants, none of the measured dynamic properties differed from WT, despite the differences in MT organization. This may be due to MT dynamic defects taking place at an earlier time point or to an effect on MTs that are stable during imaging. Alternatively, it could represent the summation over time of many minor events that are below our detection limit in the time frame of a single movie.
Along with the passive role MTs play as a track for cargo transport, they also provide instructional cues for motors, mostly in the form of tubulin post-translational modifications (Janke and Bulinski, 2011) or through the use of different tubulin isoforms (Sirajuddin et al., 2014) . We found that cargo pauses at MT termini, such that MT length sets a limit for cargo run length. In addition, pause time was shorter when MTs were abundant. It is noteworthy that these rules may not apply to larger cargo, such as mitochondria, which may bind several MTs concomitantly (Hirokawa, 1982) . These results suggest that neurons could regulate some cargo transport through MT organization. In analogy to tubulin modifications, which may occur locally, control of MT organization may also locally regulate transport. A striking example is from bullfrog olfactory axons, which harbor small numbers of very long MTs along the olfactory nerve and denser, shorter arrays at the olfactory bulb in the brain where the axons synapse onto their targets (Burton, 1987) . Shorter, more numerous axons may facilitate in confining transported cargo to a given area. More broadly, our results suggest that harboring a staggered array of MTs that are short in comparison to the length of the axon may provide train stations where efficient cargo offloading could occur.
EXPERIMENTAL PROCEDURES Nematode Growth
Unless otherwise noted, strains were maintained on nematode growth medium 2% agar plates seeded with OP50 E. Coli at 22 C. Bristol N2 strain was used as the WT.
Time-Lapse Microscopy
Worms were paralyzed in 0.4 mM Levamisole in M9 buffer for 15-20 min, then mounted onto 10% agarose pads containing only M9 buffer. Time-lapse imaging was performed on an inverted Zeiss Axio Observer Z1 microscope equipped with a Plan-Apochromat 63 3 1.4 objective and a Yokagawa spinning-disk unit using 488 and 561 nm laser lines. For measuring MT dynamics, images were acquired every 190 ms with a 150-ms exposure time. For axonal transport, stream acquisition with an exposure of 100 ms was used. Photobleaching for FRAP analysis or for reducing background during measurements of axonal transport was performed with a UV-laser light pulse to a predefined region of interest (ROI) using the mosaic system (Andor) installed on the Zeiss system described above.
Drug Treatments
Worms harboring a bus-17(e2800) mutation, which renders the cuticle more permeable, were soaked in M9 (control) or M9 + 10 mM colchicin + 0.4 mM Levamisole for 30 min to induce paralysis and allow the drug to penetrate.
Imaging was then performed as described above, in M9 alone or M9 containing 10 mM colchicin, without Levamisole. 
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